Autotaxin (ATX) is a 125 kD type II ectonucleotide pyrophosphatase/phosphodiesterase that was originally isolated as a potent cell motility-stimulating factor from the conditioned medium of A2058 human melanoma cells [29] [30] [31] . Nakagawa et al. described that lysophosphatidic acid (LPA) and ATX were pathophysiologically involved in liver fibrosis based on the evidence that LPA stimulated proliferation and contractility in hepatic stellate cells 32 . Thereafter, serum ATX has been reported as a novel marker candidate to assess liver fibrosis, histological activity grade, and disease outcome [32] [33] [34] [35] [36] [37] [38] [39] . Although the molecular mechanisms involved in the pathogenesis of cholestatic pruritus remain unknown, the ATX-LPA signaling axis is suspected to play an important role based on evidence of increased ATX activity in affected patients 40, 41 . The present study evaluated the performance of serum ATX in predicting histological disease stage in PBC in comparison with currently established indices. We also examined the clinical characteristics of ATX over time in patients with PBC in a longitudinal study.
Results
Case-control study for evaluating associations of ATX with disease stage. Baseline clinical characteristics. The baseline clinical characteristics in the case-control study to assess the ability of ATX in estimating disease progression are presented in Table 1 . Of the 128 enrolled patients, 108 were female and 20 were male. Median age was 57 years. Only 14 patients exhibited symptoms such as variceal bleeding, jaundice, fatigue, and/ or pruritus on presentation, with the majority of the cohort being asymptomatic after liver dysfunction was identified as a complication of another disease or following a routine health check-up. In total, 108 of 128 patients (84%) were AMA-positive, 87 of 128 (68%) were ANA-positive, and 32 of 128 (25%) were gp210-positive at the time of diagnosis and liver biopsy. Median nuclear pore glycoprotein p62 (NUP62) value was 2.7 ng/mL. Based on histological findings, the number of patients with Nakanuma's stage 42 1, 2, 3, and 4 was 10, 73, 27, and 18, respectively, and those with Scheuer's stage 43 I, II, III, and IV were 84, 18, 15, and 11, respectively. There were significant differences for GGTP (P = 0.002), ALT (P = 0.014), and the fibrosis markers ATX (P = 0.005) and FIB-4 index (P = 0.004) between female and male patients (Table 1) .
ATX values and autoantibodies. We compared ATX levels with such disease-specific autoantibodies as AMA-M2 positivity, ANA positivity, gp210 positivity, and NUP62 levels. Median ATX levels were not statistically significant between the positive and negative groups of AMA-M2 (0.97 vs. 0.94 mg/L, P = 0.898), ANA (0.98 vs. 0.96 mg/L, P = 0.346), or gp210 (0.97 vs. 0.97 mg/L, P = 0.982), nor were they correlated with median NUP62 titer (r = 0.00, P = 0.985) (Supplementary Table 1) .
ATX values in PBC.
The ATX levels of patients with PBC (median: 0.97 mg/L) were significantly higher than those of controls (median: 0.76 mg/L) (P < 0.0001) (Fig. 1a) . ATX values in female patients (median: 1.00 mg/L) were significantly higher than those in female controls (median: 0.82 mg/L) (P < 0.001) 36 as well as in male patients (median: 0.78 mg/L) (P = 0.005). ATX values in male patients (median: 0.78 mg/L) were significantly higher than those in male controls (median: 0.76 mg/L) (P = 0.011) (Fig. 1b) .
Association between ATX values and disease stage according to Nakanuma's classification. The median ATX values for Nakanuma's classification stage 1, 2, 3, and 4 were 0.80, 0.87, 1.03, and 1.70 mg/L, respectively, in overall patients 42 . Significant correlations between ATX values and disease progression defined by Nakanuma's classification were found in overall, female, and male patient groups (overall: r = 0.53, P < 0.0001; female: r = 0.54, P < 0.0001; and male: r = 0.71, P < 0.01) (Fig. 1c-e) .
Association between ATX values and disease stage according to Scheuer's classification. We compared ATX values with Scheuer's classification grading to confirm the above associations between ATX and disease stage 43 . The median ATX values for Scheuer's classification stage I, II, III, and IV were 0.89, 0.86, 1.19, and 1.60 mg/L, respectively, in overall patients. We also observed significant correlations between ATX values and disease progression defined by Scheuer's classification in overall, female, and male patient groups (overall: r = 0.43, P < 0.0001; female: r = 0.41, P < 0.00001; and male: r = 0.68, P < 0.01) (Fig. 1f-h ).
Correlation of ATX with other clinical and non-invasive fibrosis markers. The correlation coeffi-
cients between ATX and other clinical markers (ALP, GGTP, ALT, IgM, and NUP62) are listed in Supplementary  Table 1 . No significant associations between ATX and ALP, ALT, IgM, or NUP62 were found in overall patients, although weak significant correlations were detected in females. The correlations between ATX and the other tested non-invasive fibrosis markers (M2BPGi, FIB-4, and APRI) are presented in Fig. 2 and Supplementary Table 1 . Moderate but statistically significant associations were observed between ATX and virtually all of the markers both overall and according to gender, apart from FIB-4 and APRI in males ( Fig. 2a-i ).
Diagnostic ability of ATX and other fibrosis markers for predicting liver cirrhosis. In total, 18
patients were diagnosed as having Nakanuma's liver cirrhosis stage 4, which included all 11 patients determined as Scheuer's stage IV. We assessed the diagnostic ability of ATX to determine liver cirrhosis stage according to Nakanuma's classification using receiver operating characteristic (ROC) analysis. As seen in Supplementary Figure 1 and Table 2 , the ROC curves (AUROC) for ATX in diagnosing liver cirrhosis in overall, female, and male patients were all relatively high at 0.925, 0.968, and 0.984, respectively. The ATX results for AUROC, optimal cutoff value, sensitivity, specificity, positive predictive value, and negative predictive value in relation to liver cirrhosis stage are summarized in Table 2 . ATX had the highest or near highest discrimination for liver cirrhosis stage, and significant differences were observed between the AUROC of ATX and those of FIB-4 index and APRI in female patients (P = 0.042 and P = 0.019, respectively).
Longitudinal study evaluating the clinical features of ATX. Clinical features of ATX in patients with
PBC over 12 months of UDCA treatment. All 128 patients with PBC in this study commenced oral UDCA therapy at a daily median dose of 600 mg/day (ranging from 300 mg/day to 900 mg/day). The percentage of patients who met the Paris criteria 18 , Barcelona criteria 44 , Toronto criteria 45 , and Ehime criteria 46 were 91.3%, 47.6%, 84.6%, and 80.6%, respectively. Unlike M2BPGi, ALP, GGTP, T-bilirubin, AST, and ALT ( Fig. 3b-g ), ATX did not decrease remarkably (Fig. 3a) during the 12-month UDCA treatment course.
Clinical features of ATX in long-term follow-up patients with PBC.
The clinical characteristics of 29 patients (27 female and 2 male) in an independent second cohort, who had been seen regularly at our hospital for more than 18 years and had provided periodic serum samples, are summarized in Table 3 . All patients were initially administered UDCA therapy. ATX levels were measured at the final follow-up and every 3 years prior in 21 survivors and 8 patients who eventually succumbed to disease-related death. There were no significant differences between the survivor and mortality groups for several clinical markers at PBC diagnosis. However, ATX slowly, but significantly increased during longitudinal follow-up, with a median increase rate of 0.03 mg/L/year (P < 0.00001) (Fig. 4a) . At 18, 15, 12, 9, and 6 years before the final follow-up, there were no significant differences in ATX levels between survivors and disease-related death patients. However, ATX was significantly increased in the mortality group at 3 years before and at the final follow-up (P < 0.01). Longitudinal analysis of patient ATX values over 18 years revealed a significant difference in the ATX increase rates of survivors (0.02 mg/L/year) and patients with disease-related death (0.05 mg/L/year) (P < 0.01) (Fig. 4b) .
Discussion
This study demonstrated a clear association of ATX with disease progression in patients with PBC. Moreover, ATX results were validated by biopsy-proven histological assessment in all cases and were well correlated with other established non-invasive fibrosis markers, indicating ATX to be a reliable clinical surrogate marker to predict disease progression in patients with PBC. To validate the association of ATX with disease progression, we analyzed disease stage according to two classification systems 42, 43 . ATX showed the highest resolution between non-cirrhotic stage and cirrhotic stage in these histologically proven classifications, which strongly supported a previous clinical report 41 . Indeed, another study described ATX as a prognostic factor for overall survival in patients with cirrhosis 37 , suggesting an important role of ATX in the progression of chronic liver diseases. As advanced histological stage is associated with a worse prognosis in PBC patients, it is important for clinicians to know clinical stage non-invasively when deciding appropriate therapies.
ATX values differed between female and male patients with PBC, which was consistent with earlier reports in healthy controls 36, 47 and in case studies 32, 36, 47, 48 . Specifically, ATX levels were higher in females, which highlighted a need to establish gender-specific benchmarks. As the gender differences in PBC were similar to those reported in earlier viral infection studies on HCV 36 and HBV 48 , clinicians should consider ATX-related gender differences regardless of etiology in the clinical setting. In fact, using ATX to assess PBC disease stage may prove to be The prognosis of patients with PBC has improved greatly over the past two decades thanks to earlier diagnosis and the widespread use of UDCA. In support of this, most patients in our cohort were asymptomatic when diagnosed. UDCA therapy delays the progression to end-stage liver disease, enhances survival, and is well tolerated 18 . Patients treated with UDCA at a mild disease stage who achieve a biochemical response have a better prognosis than those with more advanced disease or who do not respond to the drug. In this regard, the extent of the biochemical response to UDCA during the first year of therapy is a simple and useful marker of long-term prognosis 18 . We examined the biochemical changes of several liver enzymes, including ALP and GGTP, and confirmed a significant biochemical response in patients at 12 months of UDCA therapy, although ATX levels did not decrease remarkably. Moreover, ATX slowly but significantly increased in longitudinal follow-up patients, which supported a previous study whereby ATX activity was higher in patients with a longer disease duration 41 . These findings may indicate that PBC-related fibrosis can slowly progress even with a biochemical response to UDCA. Obeticholic acid might be an alternative to UDCA but is not widely available, is unapproved in Japan, and has not been demonstrated to improve survival or disease-related symptoms 49 . Thus, other agents are needed to halt disease progression in PBC.
In terms of disease progression estimation markers, we compared ATX levels with autoantibodies such as gp-210 19 and NUP62 50 that have been reportedly associated with PBC disease progression. No statistically significant differences were found between ATX and these autoantibodies, specifically at the time of diagnosis. This result was supported in the longitudinal study whereby ATX did not differ at diagnosis, but was significantly increased in the mortality group at 3 years before and at the final follow-up (Fig. 4b) . Therefore, clinicians may use ATX as a disease progression marker to estimate patient outcome together with established disease markers for better clinical decisions.
ATX is currently the only marker identified to correlate with the severity of cholestatic pruritus 49 . However, the vast majority of our patients showed no symptoms when diagnosed. We compared ATX levels at diagnosis in asymptomatic and symptomatic patients and observed that the latter group showed significantly higher ATX (Fig. 3h) despite M2BPGi levels not differing between the groups (Fig. 3i) . This indicates that ATX has pleiotropic functions in addition to its role in liver fibrosis; indeed, Nakamura et al. reported that serum levels of ATX became significantly decreased after radical prostatectomy 47 . It was recently described that ATX levels decreased significantly from baseline in a 10 mg obeticholic acid-treated group, although no correlation was observed between ATX activity and patient-reported measures of pruritus severity 49 . It was also revealed that ATX levels normalized or partially normalized under HCV treatment 51, 52 and that ATX was related to HCV infection and replication 53 . Our data showed moderate but significant associations of ATX with several laboratory parameters, including ALP, ALT, and IgM. These findings indicated that ATX levels were correlated with not only liver fibrosis, but also inflammation.
The present investigation has several limitations. It was retrospective and single-center in nature. The sample size was limited because we selected treatment-naïve patients to eliminate possible confounding factors on histology, such as a UDCA therapy. Liver biopsy for evaluating the degree of liver fibrosis was prone to sampling error. We also cannot exclude the possibility that ATX levels may have been underestimated since biopsy is sometimes contraindicated in cirrhotic stage patients due to a bleeding tendency or risk. A longer longitudinal investigation of patients with PBC with respect to ATX and clinical features, including long-term prognosis and complicating HCC, is warranted.
In conclusion, our findings show that serum ATX level represents an accurate, non-invasive biomarker for estimating disease progression in patients with PBC.
Materials and Methods
Patients and Methods. A total of 342 patients who were diagnosed as having PBC at Shinshu University Hospital between 1981 and 2016 were initially recruited for this study. As mentioned in several guidelines wherein histological assessment was not necessary to diagnose PBC [13] [14] [15] , 175 patients were diagnosed without histological assessment and/or sufficient serum or laboratory data and excluded. Thirty-nine patients had already received treatment with UDCA at the time of liver biopsy. Ultimately, 128 treatment-naïve patients with PBC were enrolled for a case-control study to identify associations of ATX with disease stage. The diagnosis of PBC was based on criteria from the Japan Society of Hepatology 15 . Serum AMA specific for the pyruvate dehydrogenase complex-E2 component (AMA-M2) was measured by the enzyme-linked immunosorbent assay, for which >7.0 U/mL was considered a positive result. No patient had a history of organ transplantation or concurrent use of immunomodulatory drugs or corticosteroids, and none were coinfected with the hepatitis C virus (HCV) or hepatitis B virus (HBV) or exhibited evidence of alcoholic liver disease or non-alcoholic fatty liver disease. The subjects were followed at regular intervals throughout the median observation period of 6.0 years (range: 1.0-33.0 years).
A separate additional 29 patients with PBC (8 eventually succumbing to disease-related death and 21 surviving) who had been treated with UDCA for at least 18 years and whose serum was cryogenically stored were recruited for a longitudinal study to uncover the clinical features of ATX over time during UDCA therapy. One hundred and sixty subjects (80 male and 80 female) whose liver function tests were within normal levels were also enrolled as healthy controls 36 . This investigation was reviewed and approved by the Institutional Review Board of Shinshu University School of Medicine (Matsumoto, Japan) (approval number: 3244). Written informed consent was obtained from all participating subjects. This study was conducted in accordance with the principles of the 1975 Declaration of Helsinki as revised in 1983.
Detection of serum ATX. Blood samples were obtained and immediately stored at −20 °C until testing.
Serum ATX antigen concentrations were simultaneously measured using cryogenically stored serum samples by a specific two-site enzyme immunoassay with an AIA-2000 system (Tosoh Co., Tokyo, Japan) as described previously 47 .
Detection of gp210 and NUP62 autoantibodies. Serum antibody titers to gp210 were determined using an ELISA kit (INOVA Diagnostics, San Diego, CA, USA), whereby a value of ≥25 U was interpreted as a positive finding according to the manufacturer's protocol and instructions. Serum antibody levels to NUP62 were also measured using an ELISA kit (LSBio, Seattle, WA, USA), in which detection levels ranged from 0.313 to 20 ng/mL according to the manufacturer.
Fibrosis markers.
The recently established M2BPGi fibrosis marker was quantified as described previously 17, 24, 25 . FIB-4 and APRI index were calculated as reported previously 28, 54 .
Histological evaluation. Liver biopsies were performed on all patients by percutaneous sampling of the right lobe with a 14-gauge needle as reported previously 55 . All liver biopsy samples were independently evaluated by two investigators who were blinded to the clinical results. Disease stage was determined according to Nakanuma's classification 42 and Scheuer's classification 43 systems.
Statistical analysis. Statistical analysis and data visualization were carried out using StatFlex version 6.0 software (Artech Co., Ltd., Osaka, Japan). Data are presented as the median ± interquartile range for continuous variables. Groups were compared by means of the chi-square test for categorical variables. Correlations between fibrosis stage and serum ATX values were analyzed using Spearman's rank test. Diagnostic accuracy was evaluated using the area under the AUROC. Cutoff values were identified by the Youden index, with the nearest clinically applicable value to the cutoff being considered as the optimal cutoff value for clinical convenience. All statistical tests were two-sided and evaluated at the 0.05 level of significance. Clinical features of serum autotaxin (ATX) in long-term follow-up patients with primary biliary cholangitis. ATX levels were measured at the final follow-up and every 3 years beforehand in 29 patients. ATX increased significantly during follow-up in all patients (P < 0.00001). ATX levels in 21 survivors and 8 patients who succumbed to disease-related death were significantly different at 3 years before the final follow-up and at the final follow-up (P < 0.01).
